
JOURNAL OF CLINICAL MICROBIOLOGY, May 1989, p. 832-836
0095-1137/89/050832-05$02.00/0
Copyright C 1989, American Society for Microbiology
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A variety of chemically defined compounds were tested to characterize the substrate specificity of the
influenza C virus esterase and to determine whether a substrate could be found that would be useful in an assay
to detect the virus. Two new substrates, a-naphthyl acetate and a-naphthyl propionate, were identified;
a-naphthyl acetate was employed to develop an assay specific for influenza type C virus in MDCK cells. The
assay was sufficiently sensitive to detect esterase activity in a single cell and distinguished influenza C virus
infections from those of types A and B viruses. Infected cells could be detected as early as 8 h postinfection, with
maximal enzyme detection occurring at 24 h. Assay of influenza C virus in the chorioallantoic or amniotic fluid
of infected eggs was performed by applying fluids directly onto nitrocellulose strips and then incubating with
x-naphthyl acetate. Both the cellular and nitrocellulose-bound assays are rapid, inexpensive, and easy to
perform, offering advantages for use in clinical laboratories.

Influenza type C virus usually causes mild upper respira-
tory infections, especially in young children (4, 12, 14).
However, the virus may cause more severe infections such
as bronchiolitis or pneumonia (23) or infections clinically
indistinguishable from those caused by influenza type A
virus (3). Serological studies indicate that influenza C infec-
tions occur worldwide (1, 6, 9-11, 18). Primary infections
occur in early childhood, with an increase in numbers of
seropositive children over 6 months of age. By 7 years of
age, 80 to 95% of children tested are seropositive (3, 9).
Infections occur in adults despite titers of antibody specific
for the virus (12, 14). Hornsleth et al. have reported that
influenza C virus infections in the elderly may occur concur-
rently with influenza A or B virus infections (10).

Influenza type C virus differs significantly in its growth
requirements from type A and B viruses and as a result is
seldom isolated and identified (5). The type C virus is best
propagated in Madin-Darby canine kidney (MDCK) cell
monolayers (17) or in 8- to 9-day-old embryonated hen eggs.
The optimum temperature for cultivation is 33°C, and fluids
from tissue culture or eggs may be assayed by hemaggluti-
nation. The hemagglutination assay is performed at 0 to 4°C
to limit the receptor-destroying activity of the viral elution
enzyme (5).
The enzyme of influenza C virus is located on the hemag-

glutinin molecule, a surface glycoprotein which also medi-
ates attachment and penetration (16, 22). The viral enzyme is
a 9-O-acetyl esterase, which hydrolyzes acetic acid from the
viral receptor, 9-O-acetyl-N-acetylneuraminic acid, allowing
release of the mature virus from infected cells or from
erythrocytes (7, 8, 20). Vlasak et al. (22) have shown that
para-nitrophenyl acetate (PNPA) may serve as a substrate
for the viral enzyme in vitro.
Our study of the influenza C virus esterase led to the

identification of new substrates and to the development of an
in situ esterase assay that may have application in the
diagnostic laboratory for the rapid and specific detection of
influenza C virus.

* Corresponding author.

MATERIALS AND METHODS

Virus. Influenza C virus strain JJ (14) was propagated by
inoculation of the chorioallantoic cavity of 9-day-old chicken
embryos (certified pathogen-free eggs; SPAFAS, Inc., Nor-
wich, Conn.) as described previously (19). After incubation
for 3 days at 35°C, chorioallantoic fluid (CAF) was har-
vested, assayed by hemagglutination with chicken erythro-
cytes as previously described (21), and frozen at -70°C.
CAF used for stock virus routinely contained approximately
256 hemagglutinin units per 0.1 ml. Influenza virus strains
C/Cal (obtained from P. Palese, Mount Sinai School of
Medicine, New York, N.Y.) and C/JHB (obtained from R.
Compans, University of Alabama Medical Center, Birming-
ham) were propagated by amniotic inoculation as described
previously (19). Influenza virus strains A/PR8 and B/Lee
were cultivated in the amniotic cavity of 11-day chicken
embryos at 35°C for 3 days. Mumps virus was obtained from
C. Howe, Louisiana State University Medical Center, New
Orleans. Parainfluenza virus type 3 and respiratory syncytial
viruses were obtained from R. Gohd, Charity Hospital, New
Orleans, La.

Analysis of esterase substrates. ax-Naphthyl acetate (ANA;
5 mM) and cx-naphthyl propionate (ANP; 5 mM) (Sigma
Chemical Co., St. Louis, Mo.) were prepared by the method
of Li et al. (13) by dissolving ANA (10 mg) or ANP (10 mg)
in ethylene glycol monomethyl ether (0.5 to 1.0 ml) and
diluting to 10 ml with phosphate buffer (0.067 M, pH 6.3 or
7.4). Hexazonium pararosanilin was prepared as previously
described by Yam et al. (24).
PNPA (1 mM), a chromogenic esterase substrate, was

prepared by dissolving PNPA (18 mg) in 95% ethanol (5 ml)
and diluting with phosphate buffer (0.067 M, 95 ml, pH 6.3 or

7.4).
To analyze hydrolysis of substrates by virions, CAF from

influenza C/JJ virus-infected or normal eggs (50 .1l) was

equilibrated to a temperature of 23, 32, 37, or 50°C. Pre-
warmed substrate solution (50 ,ul, pH 6.3 or 7.4) was added,
and tubes were incubated for 15 min. Substrate alone was

observed at each temperature as a control for autohydroly-
sis. Positive reactions were determined by observing the
relative amount of garnet-colored insoluble product formed
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TABLE 1. Analysis of substrates for influenza C virus'

ANAb ANPb Hydrolysis of PNPAC

pH Temp CAF Substrate CAF Substrate CAF Substrate
(OC)

Normal Infected control' Normal Infected control Normal Infected control

6.3 23 f +++ - + ++ - 0.25 0.88 0.07
33 + + + + - + + - 0.35 1.00 0.01
37 + ++ - + + - 0.35 1.07 0.02
50 - + - - - - 0.63 1.23 0.06

7.4 23 + + ++- + + - 0.57 2.01 0.10
33 + ++ - + + - 0.90 1.71 0.46
37 + + - + - - 1.23 2.06 0.75
50 - + + - - - 2.12 2.29 1.90

aSubstrate solutions, stock influenza C/JJ virus, and normal CAF were preheated to 23, 33, 37, or 50°C. Substrate (50 pi) and virus-infected CAF (50 pi) or
normal CAF (50 pl) were mixed and incubated for 15 min before observing for insoluble product (ANA or ANP) or determining the optical density at 405 nm
(PNPA).

b +, faint, rose-colored insoluble reaction product; -, negative reaction with no evidence of garnet-colored insoluble product; + to++ + +, increasing intensity
of garnet-colored insoluble reaction product.

c Hydrolysis of PNPA was determined by optical density at 405 nm. Values reported are averages of three separate determinations.
d For a substrate control, 100 p1 of substrate reaction solution was incubated without added virus or normal CAF to determine the extent of autohydrolysis.

upon hydrolysis of ANA or ANP (- to ++++) or the
change in optical density at 405 nm for PNPA hydrolysis.

Cells. The MDCK cells used in these experiments were
shown by culture to be free of mycoplasmas. Monolayers
were established in 35- by 10-mm tissue culture dishes
(Costar, Cambridge, Mass.) or 6-well tissue culture plates
(Corning Glass Works, Corning, N.Y.) by cultivation of
approximately 3 x 105 MDCK cells, in 2 ml of Earle minimal
essential medium (MEM; GIBCO Laboratories, Grand Is-
land, N.Y.) containing 10% fetal calf serum, per well.
Monolayers were incubated at 37°C in a huitidified atmo-
sphere with 5% C02 for 5 to 7 days. Primary monkey kidney
cells were obtained from Viromed Laboratories, Inc., Min-
netonka, Minn.

Infection of monolayers with virus. Stock influenza C/JJ
virus was diluted in sterile phosphate-buffered saline (10
mM, pH 7.1) containing 0.2% bovine serum albumin. Con-
fluent monolayers of MDCK cells were washed in phos-
phate-buffered saline-bovine serum albumin, inoculated
with 0.2 ml of virus, and incubated for 1 h at 33°C in an
atmosphere of 5% C02 to allow attachment of virus parti-
cles. The inoculum was removed, the cells were rinsed in
phosphate-buffered saline-bovine serum albumin, and MEM
containing 10% fetal calf serum was added to monolayers.
Plates were incubated at 33 or 37°C in a humidified atmo-
sphere with 5% C02 for 24 to 72 h. For plaque assays,
infected monolayers were covered with 2 ml of 0.6% agarose
overlay (Sea Plaque Agarose; FMC Bio Products, Rockland,
Maine) prepared in MEM containing glutamine (1%), glu-
cose (0.1%), penicillin (200 U/ml), streptomycin (200 ,ug/ml),
trypsin (0.5 ,ug/ml), and DEAE-dextran (100 ,ug/ml). Mono-
layers were incubated for 72 h before removal of the overlay
and detection of plaques or esterase activity.

In situ esterase detection. The method of Li et al. (14) was
modified to detect enzyme activity in monolayers. After
removal of the overlay or MEM, monolayers were fixed for
30 s with cold buffered Formalin-acetone (1.4 mM Na2HPO4,
7.3 mM KH2PO4, 45% acetone, 25% Formalin) and washed
three times with distilled water. The fixed cells were incu-
bated with 1 to 2 ml of ANA-pararosanilin solution (ANA-P)
per well (35 mm) for 15 min at room temperature or 37°C.

Detection of plaques. After removal of the agarose overlay,
monolayers were fixed for 1 min with absolute methanol at 0
to 4 C and stained with 1% aqueous crystal violet diluted 1:2

with absolute methanol. Alternatively, plates that had been
fixed and tested for esterase activity were photographed and
then stained with the crystal violet.

Neutralization studies. Stock influenza C/JJ virus was
diluted 1:10 in phosphate-buffered saline-bovine serum al-
bumin containing 10% serum from unimmunized rabbits or
from rabbits immunized with influenza C virus. After incu-
bation at 37°C for 60 min, the mixture (0.2 ml) was inoculated
onto MDCK monolayers. After time was allowed for viral
attachment, the monolayers were incubated and assayed for
esterase activity or plaque formation.

Esterase detection in egg fluids. To screen egg fluids for
esterase activity, CAF (10 ,ul) from eggs infected with
influenza C/JJ virus or amniotic fluid from eggs itïfected with
influenza A/PR8, B/Lee, C/Cal, or C/JHB virus were pipet-
ted onto strips of nitrocellulose (5 by 10 cm; Schleicher &
Schuell Co., Keene, N.H.). Uninfected CAF and amniotic
fluid were included as negative controls. Strips of nitrocel-
lulose were immersed in ANA-P and incubated for 15 min at
room temperature before the reaction was read.

RESULTS

Analysis of esterase substrates. Influenza C virus was
incubated with three different esters to determine the reac-
tivity of these compounds with the viral esterase. The esters
tested were ANA, ANP, and, as a positive control, PNPA
(Table 1). CAF from uninfected eggs served as a negative
control, and autohydrolysis of substrate was monitored by
incubation of the substrate solution without CAF or virus.
ANA was hydrolyzed by CAF from infected eggs at 23 and

33°C at both pH 6.3 and 7.4. Minimal ANA hydrolysis was
produced by normal CAF at the temperatures and pHs
tested. ANA did not undergo autohydrolysis at either pH or
at any of the temperatures tested. ANA at pH 6.3 was
distinctly more reactive with virus-infected CAF than were
the other substrates tested and was chosen for use in
subsequent assays.
ANP did not undergo autohydrolysis under the conditions

employed. ANP was hydrolyzed by virus-inifected CAF to
an extent consistently greater than that achieved by normal
CAF.
PNPA, although hydrolyzed rapidly by CAF from virus-

infected eggs only, was not chosen for analysis of infected
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FIG. 1. Esterase activity and plaque production of influenza C/JJ
virus. Confluent monolayers of MDCK cells were infected with a

10-5 dilution of stock influenza C/JJ virus (wells 2 and 4) or with
normal CAF (wells 1 and 3). Plates were incubated with an agarose-
trypsin overlay at 33°C. Monolayers were fixed with cold buffered
Formalin-acetone and allowed to react with ANA-P to show es-

terase activity (wells 1 and 2) and photographed. The same plate was
stained with crystal violet to show plaques (wells 3 and 4). Note the
congruence of esterase-positive foci (well 2) with plaque formation
(well 4). In well 4, several esterase-positive foci are seen without
evidence of destroyed cells. Arrows show plaques outlined by
esterase-positive cells.

monolayers because it undergoes autohydrolysis, especially
at slightly alkaline pHs.

Esterase assay of uninfected cell lines. To determine
whether ANA-P could be used to identify influenza C
virus-infected cells, uninfected primary monkey kidney cells
and MDCK cells were tested for endogenous esterase activ-
ity. Monolayers of monkey kidney cells, when incubated
with ANA-P at room temperature, hydrolyzed ANA. When
tested under similar conditions, monolayers of MDCK cells
failed to hydrolyze ANA.

Specificity of assay for influenza type C virus. To develop
an in situ esterase detection assay specific for influenza C
virus in MDCK cells, an agarose overlay was used to
generate foci of infected cells, allowing maximal differenti-
ation of infected cells from surrounding uninfected cells.
Confluent MDCK cell monolayers were infected with influ-
enza A/PR8, B/Lee, or C/JJ virus and incubated for 72 h at
33°C under an agarose overlay. Monolayers infected with
influenza C virus showed distinct foci of esterase activity
when tested with ANA-P (Fig. 1, well 2). No esterase
activity could be demonstrated in mock-infected cells (Fig.
1, well 1). Cells infected with influenza A or B viruses at
33°C lacked esterase activity (data not shown). The esterase-
positive foci in influenza C virus-infected monolayers con-

tained garnet-colored cells and could be detected macro-

scopically as early as 24 h postinfection. By counterstaining
the same plate with crystal violet to detect plaques, lytic
plaques were shown within esterase positive foci, i.e.,

B Lee Ç/JJ
FIG. 2. Lack of esterase activity in MDCK monolayers infected

with influenza AIPR8 or B!Lee virus. Confluent monolayers of
MDCK cells were mock infected (well 1) or infected with a iO-'
dilution of stock influenza type A/PR8 (well 2) or type B/Lee (well 3)
virus. Monolayers were incubated at 370C with an agarose-trypsin
overlay. Fixed monolayers were incubated with ANA-P to test for
esterase activity. Monolayers infected with influenza type C virus as
described in the legend Fig. i are included for comparison. Note the
production of plaques by influenza type A and B virus in the absence
of esterase activity (wells 2 and 3).

plaques and foci were congruent (Fig. 1, well 4). More foci
than lytic plaques were evident in these plates, indicating
that the esterase assay detected areas of the monolayer that
were infected but were free of detectable celi lysis.
Another measure of the specificity of the esterase assay

was obtained by neutralization of influenza C virus with
specific rabbit antiserum. The antiserum inhibited infectivity
and thus prevented esterase activity. Ceils infected with
virus that had been preincubated with normal rabbit serum
failed to show a reduction in either esterase activity or
plaque production.
As a further demonstration of the specificity of the es-

terase assay for influenza C virus, MDCK cells were infected
with type C virus and incubated at 370C. Influenza C virus
replication is inhibited at 370C; as expected, infected mono-
layers showed neither esterase activity nor viral plaques.
This lack of esterase activity was not due to the inhibition of
esterase activity at 370C, because the influenza C virus
ésterase of whole virus hydrolyzed ANA at 370C. Further-
more, MDCK celîs infected with influenza C virus at 330C
possessed esterase activity when assayed at 370C.

Influenza A and B viruses showed no evidence of esterase
activity at 370C (Fig. 2). Holes were evident in the cell
monolayer, and crystal violet counterstaining of the same
plates confirmed that these were viral plaques.

Esterase activity in monolayers cultured without trypsin.
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FIG. 3. Detection of influenza C virus in monolayers incubated
with liquid medium. Confluent MDCK monolayers were infected
with influenza C/JJ virus and incubated with MEM (supplemented
with 10% fetal calf serum) without trypsin. Monolayers were fixed
with cold buffered Formalin-acetone and incubated with ANA-P for
detection of esterase activity. Wells: 1, mock-infected cells; 2,
MDCK cells infected with C/JJ virus, 24 h postinfection.

The esterase assay was also tested for its utility in detecting
influenza C virus-infected cells in monolayers incubated with
liquid medium (MEM), i.e., without an agarose overlay or
added trypsin. MDCK monolayers infected with influenza C
virus and incubated with MEM at 33°C showed strong
reactivity with ANA-P, demonstrated by widespread distri-
bution of garnet-colored cells (Fig. 3, well 2). Esterase
activity was maximal at 24 h, and reduced amounts of
activity were detected microscopically as early as 8 h
postinfection and as late as 72 h postinfection. No esterase
activity was detected in monolayers infected with influenza
A or B viruses and incubated at 33 or 37°C.

Application of the assay for screening egg fluids. ANA-P
was also tested for its utility in screening infected egg fluids
for the presence of influenza C virus. Samples of infected or
uninfected egg fluids were pipetted onto nitrocellulose strips
and incubated with ANA-P. CAF from uninfected eggs (Fig.
4, spot 1) and amniotic fluid (data not shown), as well as
amniotic fluid of embryos infected with influenza A/PR8
(Fig. 4, spot 2) or B/Lee (Fig. 4, spot 3) virus, showed
negligible reactivity with ANA-P. Three strains of influenza
C (JJ, Cal, and JHB) showed distinct reactivity when incu-
bated with ANA-P (Fig. 4, spots 4 to 6). Analysis of serial
dilutions of ANA-positive fluids by using the nitrocellulose
assay showed an apparent dose response of enzyme reactiv-
ity to viral concentration. In addition, respiratory syncytial

I 2 3

4 5 6
FIG. 4. Detection of influenza C virus in egg fluids. Normal CAF

(spot 1), CAF from eggs infected with influenza C/JJ virus (spot 4),
or amniotic fluid from eggs infected with influenza A/PR8 (spot 2),
B/Lee (spot 3), C/Cal (spot 5), or C/JHB (spot 6) virus were pipetted
onto nitrocellulose strips and incubated with ATA-P to test for
esterase activity. Approximately 25 hemagglutinin units of virus
were contained in each sample.

virus (three different isolates), parainfluenza type 3 virus,
and mumps virus were similarly tested on nitrocellulose
strips. All isolates lacked reactivity with ANA-P.

DISCUSSION
Influenza type C virus expresses an enzyme that destroys

its specific host cell receptors, an activity analogous to the
neuraminidase activity of influenza type A and B viruses.
The enzyme activity of type C virus, unlike that of type A
and B viruses, is inhibited by diisopropyl fluorophosphate,
demonstrating that the enzyme is a serine esterase (15).
Serine esterases are widely distributed in nature and hydro-
lyze a broad range of substrates (2, 24).

Influenza C virus is the only viral pathogen of the human
upper respiratory tract presently known to produce an
esterase. Detection of such activity facilitates the distinction
of type C virus from type A and B influenza viruses. The
uniqueness of the influenza C virus enzyme suggests an
application of the esterase assay to distinguish type C virus
from other respiratory viruses; this is supported by the lack
of reactivity of various parainfluenza virus isolates with
ANA-P.
The lack of endogenous esterase that is reactive with

ANA-P in MDCK cells has provided a convenient system for
studying the expression of the influenza C virus esterase in
infected cells. Likewise, the lack of detectable amounts of
ANA-reactive esterase in uninfected CAF and amniotic fluid
provides a system to screen infected egg fluids for influenza
type C virus. Reactivity of monkey kidney cells with ANA-P
emphasizes the need for further study to find a substrate that
may be used to detect influenza C virus in a wider variety of
cell culture systems.

Herrler et al. (7, 8) reported that the influenza C virus
esterase is reactive with 9-0-acetylneuraminic acid and that
this is the receptor on erythrocytes. Hydrolysis of ANA and
ANP by the influenza C esterase suggests a wider range of
substrate specificity than previously reported. Our findings
also support earlier work of Vlasak et al. (22), who showed
that PNPA is a substrate for this enzyme.
Our experiments have shown that the time course of

influenza C virus enzyme activity correlates with the pro-
duction of infectious virus particles (17), beginning at ap-
proximately 8 h postinfection and with maximal activity at
approximately 24 h. After 48 h, monolayers grown without
an agarose-trypsin overlay show reduced esterase activity,
indicating that production of virus is greatly decreased at this
time.
The positive esterase assay of infected MDCK cells incu-

bated without added trypsin suggests that enzymatic cleav-
age of the surface hemagglutinin glycoprotein, although
necessary for fusion and infectivity of virus, is not necessary
for esterase activity (19). This is apparent because MDCK
cells lack the protease activity required to cleave the hem-
agglutinin and yet the infected cells have potent esterase
activity in the absence of added trypsin.

Esterase assays of infected MDCK monolayers are clearly
specific for influenza C virus and yield a negative test with
type A and B viruses. Monolayers infected with influenza A
or B virus showed no evidence of esterase activity, regard-
less of temperature, time of incubation, or type of medium
used (liquid or agarose overlay). Further proof of the spec-
ificity of this assay was obtained by neutralizing influenza C
virus with specific antisera, by incubating infected cells at
nonpermissive temperatures, and by screening a variety of
viral upper respiratory pathogens after application to nitro-
cellulose strips.
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The sensitivity of the esterase assay permits detection of
infected cells that might be overlooked with routine isolation
procedures. The assay is sufficiently sensitive to detect
esterase activity within 24 h postinfection, well before most
plaques may be demonstrated. Furthermore, the esterase
assay detects cell infections that do not mature into lytic
plaques and thus may be more sensitive than the plaque
assay. The esterase assay may be able to detect strains of
virus that fail to produce lytic plaques in MDCK cells.
The detection of virus in fluids with PNPA as the substrate

was not reliable, because this substrate undergoes autohy-
drolysis at alkaline pH. In addition, PNPA does not allow
distinction Qf infected cells from adjacent uninfected cells in
tissue culture.
We have found that screening of fluids from influenza C

virus-infected eggs is easily accomplished by applying the
fluids to nitrocellulose and incubating in ANA-P. Normal egg
or tissue culture fluids or fluids containing influenza A or B
or parainfluenza virus are very weakly and slowly reactive
compared with fluids infected with any of the three strains of
influenza C virus tested in our laboratory. This substrate also
allows distinction in tissue culture between infected and
uninfected cells.
The utilization of in situ esterase assays, whether in tissue

culture or for assaying egg fluids, provides an easy means of
detecting influenza C virus. The tests are quick, inexpensive,
and easy to interpret and may distinguish influenza C virus
from other influenza viruses. Previously, epidemiological
studies of influenza C virus infections depended on serolog-
ical analysis. A rapid and easy test to detect the virus in eggs
or tissue culture should facilitate diagnosis of influenza C
virus infections in infants and the elderly and may identify
infections that presently are not recognized as being caused
by this seldom-identified virus.
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